In this work, we study the cognitive decode-and-forward (DF) relaying, where a primary user (PU) communicates with an access point (AP), and in the same geographical region, a secondary source (SS) communicates to a secondary destination (SD) with assistance from a secondary relay (SR). Either SR or SD can decode the secondary data directly (DIR) or using the successive interference cancelation (SIC) technique. Based on the decoding methods of SR and SD, we proposed SR-DIR-SD-DIR, SR-DIR-SD-SIC, SR-SIC-SD-DIR, and SR-SIC-SD-SIC-based cognitive DF relaying schemes. The outage probabilities of both primary and secondary systems are analyzed for all the decoding manners. The transmit powers of SS and SR are further determined to minimize the outage probability of secondary system subject to the constraint that the outage performance loss of primary system should not exceed a certain percentage compared with the stand-alone primary network without spectrum sharing. Numerical results show that by using the SIC decoding, the outage probability of secondary system can be greatly decreased, especially when the interference from PU is strong or the transmission rate of primary data is low.
Introduction
Spectrum sharing schemes have been extensively studied to meet the ever-growing wireless transmission requirements using the licensed spectrum, which is often underutilized across time and space. Primary users (PUs) own the licensed spectrum and have higher priorities of accessing it. Secondary users (SUs) can share the spectrum under the performance constraint of primary system [1] . Traditionally, SUs could sense the spectrum to see whether it is used by PUs or not and opportunistically access the idle spectrum. If the spectrum is busy for a long time, SUs can rarely access it [2] . Instead, SUs can transmit concurrently with PUs, but they should carefully control their powers to avoid violating the performance constraint of primary system [3] . Furthermore, SUs can cooperatively transmit primary data to exchange some resources for the spectrum access [4] . In the multiple SU scenario, the primary data can be quickly delivered with assistance from a selected SU, so the secondary data can be transmitted in the remaining time over the spectrum [5] . SU can also *Correspondence: chaozhai@sdu.edu.cn 1 School of Information Science and Engineering, Shandong University, 72 Binhai Road, Qingdao, 266237 China Full list of author information is available at the end of the article help exchange primary data in the two-way system and superposes the secondary transmission on network-coded primary signals [6, 7] .
Related works
For the underlay spectrum sharing, the concurrent transmissions of PUs and SUs will cause mutual interferences between them. In order to guarantee the interference constraint of primary system, the transmit powers of SUs should be conservatively set, especially when they are close to PUs, so the transmission requirements of SUs can be hardly satisfied [8, 9] . It becomes more difficult to satisfy the quality of service (QoS) requirements of multiple SUs under the interference temperature constraint [10] . By introducing a secondary relay (SR) between a secondary source (SS) and a secondary destination (SD), the distance of each hop can be shortened and the communication reliability can be enhanced [11] [12] [13] [14] . Both SS and SR should strictly control their transmit powers to avoid causing intolerable interference to the primary system, so the cooperative diversity is lost [15, 16] . Either the interference-alignment or the beamforming technique can be adopted by PUs and SUs to mitigate the mutual interference [17, 18] . An adaptive power allocation scheme was proposed in [19] , where SUs can access the power control signaling of PUs and control their powers in both the long-time and short-time scales to improve the capacity of secondary system while guaranteeing the QoS of PUs [19] . Since the underlay mode will result in low transmission efficiency due to restricted power, to maximize the throughput of secondary system, researchers have proposed dynamic overlay-underlay and interweaveunderlay spectrum sharing schemes based on the statuses of PUs [20] [21] [22] [23] .
In the underlay spectrum sharing, SUs can implicitly access the spectrum without coordinating with PUs, and it is useful when the distances between SUs and PUs are long, as higher powers can be allowable for the secondary data transmission. For the cognitive relaying, SS and SD could exchange information via SR using network coding to improve the spectral efficiency [24] [25] [26] or selecting a best relay for the two-way relaying [27] . For the fullduplex relaying, SR will suffer the interference from not only PUs but also itself, and higher spectral efficiency can be achieved compared with the half-duplex mode [28] . If PUs transmit with the in-band full-duplex mode, the self-interference in the primary system will impede the opportunity of spectrum access for SUs [29] . For the multiuser cognitive relaying, a SU could select the best relay and destination to cooperatively transmit data by properly adjusting their powers [30] [31] [32] [33] . If the SUs can harvest energy from the primary data transmission, then they can use the harvest energy to cooperatively forward the primary data and meanwhile transmit the secondary data using the Alamouti coding [34] .
In large-scale cognitive radio networks, PUs and SUs are randomly distributed on the plane, and their locations can be modeled as an independent homogeneous Poisson point process (PPP). The interference encountered at a typical receiver comes from all the active PUs and SUs on the plane except the dedicated transmitter. It is vitally important to properly model the aggregated interference at a typical receiver for the performance analysis. The transmission capacity was analyzed for a cognitive ad hoc network underlaying cellular network [35, 36] . If SUs could access the spectrum only when they lie outside the exclusive regions of PUs, the active SUs can be modeled as a Poisson hole process and the performance was analyzed by approximating their distribution as a PPP [37, 38] . Zhai et al. applied a cooperation zone between each base station (BS) and cell-edge users, wherein a SU is selected to cooperatively forward the primary data to exchange for some disjoint bandwidth for the secondary data transmission [39] . In cellular networks, device-to-device (D2D) communications can greatly reduce the transmit powers of users, and D2D users can share the spectrum of cellular users to improve the spectral efficiency [40] [41] [42] . If PUs are capable of harvesting wireless energy to sustain their operations, the best SU in the energy cooperation zone can be selected to wirelessly charge PUs to exchange for some disjoint bandwidths for the secondary data transmission [43] , or SUs can opportunistically transmit secondary data only when they lie outside the guard zones of PUs [44] .
Motivation and contribution
In the traditional cognitive relaying scheme, both SR and SD decode the secondary data directly by treating the received primary signal as interference. The cognitive relaying scheme works properly only when the mutual interferences between PUs and SUs are weak enough. For the successful operation of traditional cognitive relaying, the distances between SUs and PUs should be long enough, so the mutual interference is greatly weakened due to the strong path-loss. When the distances between SUs and PUs are moderate or short, to avoid violating the interference constraint of primary system, the transmit powers of SS and SR are often set very small. Meanwhile, SR and SD could encounter very strong interference from PUs. Due to the weak signal and the strong interference, the communication performance of secondary system is very bad. Inspired by this fact, we proposed the interference cancelationbased cognitive relaying scheme to improve the spectral efficiency.
In this work, we consider a general scenario, where SUs may be close to PUs or far away. We propose to enable either SR or SD or both of them to decode secondary data using the successive interference cancelation (SIC) technique. Considering SR or SD performs the direct (DIR) decoding or the SIC decoding, we proposed cognitive relaying schemes with SR-DIR-SD-DIR, SR-DIR-SD-SIC, SR-SIC-SD-DIR, and SR-SIC-SD-SIC decoding manners. The outage probabilities of both primary and secondary systems are analyzed. Under the constraint that the outage performance loss of primary system should not exceed a certain ratio compared with the none sharing scenario, the transmit powers of SS and SR are determined by minimizing the outage probability of secondary system. Numerical results show that the outage performance of secondary system can be significantly improved by using the SIC technique, as the strong interference from PUs can be effectively suppressed, and the total network throughput can be greatly boosted compared with the none spectrum sharing scenario. With smaller transmission rate of primary data, SR and SD could correctly decode and cancel the primary data more easily, so the outage performance of secondary system gets better. If more performance loss can be tolerated by the primary system, a lower outage probability can be achieved for the secondary system, as higher powers can be used by SS and SR for the secondary data transmission.
The rest of this paper is organized as follows. Section 2 briefly outlines the methods. Section 3 illustrates our proposed cognitive relaying scheme with SIC. Sections 4 and 5 analyze the outage probability of primary system and secondary system, respectively. The transmit powers of SS and SR are determined in Section 6. Results and discussion are presented in Section 7. Finally, Section 8 concludes this paper.
Methods
We consider a cognitive decode-and-forward (DF) relaying system as shown in Fig. 1 , where PU communicates to an access point (AP), and meanwhile, SS communicates to SD with assistance from SR. Each node has one omnidirectional antenna and works in the half-duplex mode. The transmission time is divided into equal-length blocks, and each block is normalized to have 1 s. The Rayleigh block fading is assumed for each channel, which keeps invariant in each block, but changes independently across different links and blocks. Due to the blockage or deep fading, we assume that there is no direct link between SS and SD, so the data transmission from SS to SD should be forwarded by SR. The DF protocol is adopted by SR for the secondary data relaying. We assume that SR and SD know the related channel state information (CSI) in each block, so they can perform the DIR decoding or the SIC decoding. For the DIR decoding, after receiving the composite signals from SS and PU, SR and SD directly decode the secondary data by treating the received primary signal as interference. For the SIC decoding, SR and SD could decode the primary data and then cancel it from the received composite signal, and after that, they will try to decode the secondary data without interference.
We assume that both PU and SS do not know the instantaneous CSI towards their intended receivers; thus, they transmit their data with fixed rates. The transmission rates of primary data and secondary data are denoted as R p and R s , respectively. The data transmission is assumed to be successful if the channel achievable rate is greater than the transmission rate. The channel achievable rates of primary system and secondary system are denoted as C p = log 2 (1 + γ ) and C s = where γ denotes the signal-to-noise-ratio (SNR) or signalto-interference-plus-noise-ratio (SINR) of the received signal. Through the expressions of C p ≥ R p and C s ≥ R s , we can equivalently obtain the SNR or SINR thresholds as ξ p = 2 R p − 1 and ξ s = 2 2R s − 1, respectively. Therefore, the primary data and secondary data are assumed to be successfully decoded if the received SNR and SINR are greater than ξ p and ξ s , respectively; otherwise, the outage event occurs. We analyze the outage probabilities of both primary and secondary systems by considering the DIR or the SIC decoding at SR and SD. Expectations are taken over power fadings of different channels, which are independently and exponentially distributed with unit mean.
We aim to minimize the outage probability of the secondary system while satisfying that the outage performance loss of the primary system should not exceed percentage compared with the none spectrum sharing scenario. The optimal transmit powers of SS and SR are jointly determined through minimizing the outage probability of the secondary system while guaranteeing the performance constraint of primary system. Numerical and simulation results are provided to validate our theoretical analysis and verify that our proposed scheme can greatly improve the outage performance of secondary system.
Cognitive relaying with DIR and SIC decoding

Cognitive relaying process
The transmission process is shown in Fig. 2 . In each block, PU always transmits a new primary data packet to AP. In an even block 2n, (n = 0, 1, ...), SS transmits a secondary data packet to SR. If SR correctly decodes the secondary data from SS, it will forward the secondary data to SD in the odd block 2n+1; otherwise, if SR erroneously decodes the secondary data, it will keep silent in the odd block 2n+ 1. The secondary data receptions at SR and SD are interfered by the primary data transmission of PU. The primary data reception at AP is interfered by the secondary data transmissions of SS and SR. AP decodes the primary data directly by treating the received secondary data as interference, while SR and SD decode the secondary data using the DIR or the SIC scheme:
• SR-DIR-SD-DIR: Both SR and SD decode the secondary data directly by treating the received primary data as interference.
• SR-DIR-SD-SIC: Both SR and SD perform the DIR decoding. If SD erroneously decodes the secondary data, it will try to decode and cancel the primary data to further decode the secondary data.
• SR-SIC-SD-DIR: Both SR and SD perform the DIR decoding. If SR erroneously decodes the secondary data, it will try to decode and cancel the primary data to further decode the secondary data. • SR-SIC-SD-SIC: Both SR and SD perform the DIR decoding. If SR or SD erroneously decodes the secondary data, it will try to decode and cancel the primary data to further decode the secondary data.
Remark: SR and SD try to decode the secondary data directly, and if not successful, the SIC decoding may be performed. Intuitively, the stronger the interference from PU, the more difficult for SR and SD to decode the secondary data directly, but the more easily for them to decode and cancel the interference. If the two systems are close, the interference is strong, so the SIC decoding performs better than the DIR decoding. If the two systems are departed far away, the interference is weak, so the SIC decoding achieves a similar performance as the DIR decoding. The SIC decoding always outperforms the DIR decoding, but the cost is that SR or SD should know the CSI and codebook of PU for the interference cancelation. To avoid the security issue, we assume that PU firstly encrypts the primary information and then transmits it by appending the error detection code, such as the cyclic redundancy check (CRC) code. SR and SD can decode the primary data without endangering the security of primary information.
SINR and SNR at AP
In an even block, when SS transmits secondary data to SR along with PU transmitting primary data to AP, with the interference from SS, the SINR of primary data reception at AP is denoted as γ psa and given by
where p p and p s represent the transmit power of PU and SS, respectively; G pa and G sa represent the small-scale power fading of the channel PU→AP and SS→AP, respectively; pa and sa represent the large-scale path-loss of the channel PU→AP and SS→AP, respectively; and N 0 is the power of additive white Gaussian noise (AWGN) at each receiver.
In an odd block, when SR forwards secondary data to SD along with PU transmitting primary data to AP, with the interference from SR, the SINR of primary data reception at AP is denoted as γ pra and given by
where p r is the transmit power SR; G ra and ra represent the small-scale power fading and the large-scale path-loss of the channel SR→AP, respectively. For the stand-alone primary network without spectrum sharing from SUs, the data reception at AP is interferencefree. For the cognitive DF relaying, if SR erroneously decodes the secondary data in an even block, it will keep silent in the next odd block and the primary data reception at AP is also interference-free. If there is no interference, the SNR of the primary data reception at AP is denoted as γ pa and given by
So far, we have presented the SINR and SNR of the received primary signal at AP, which will be used later for the outage performance analysis.
SINR and SNR at SR
In an even block, when SS transmits secondary data along with PU transmitting primary data to AP, with the interference from PU, the SINR of the secondary data reception at SR is denoted as γ spr and given by
where G sr and G pr represent the small-scale power fading of the channel SS→SR and PU→SR, respectively, and sr and pr represent the large-scale path-loss of the channel SS→SR and PU→SR, respectively. For the SIC decoding, if the direct decoding of secondary data fails at SR, it will try to decode and cancel the primary data to further decode the secondary data. By viewing the secondary data as interference, the SINR of primary data reception at SR is denoted as γ psr and given by
If the primary data can be successfully decoded and canceled by SR, the SNR of the remaining secondary data is denoted as γ sr and given by
So far, we have presented the SINR and SNR of the received signals at SR, which will be used later to analyze the probability of SR correctly decoding the secondary data.
SINR and SNR at SD
In an odd block, when SR forwards secondary data along with PU transmitting primary data to AP, with the interference from PU, the SINR of secondary data reception at SD is denoted as γ rpd and given by
where G rd and G pd represent the small-scale power fading of the channel SR→SD and PU→SD, respectively, and rd and pd represent the large-scale path-loss of the channel SR→SD and PU→SD, respectively. If SD can perform the SIC, it will first try to decode the secondary data directly. If the direct decoding of secondary data fails, SD will try to decode and cancel the primary data. By viewing the secondary data as interference, the SINR of primary data reception at SD is denoted as γ prd and given by
If the primary data can be successfully decoded and canceled by SD, the SNR of the remaining secondary data is denoted as γ rd and given by
So far, we have presented the SINR and SNR of the received signals at SD, which will be used later for the outage performance analysis.
Outage probability of primary system
Stand-alone primary system
For the stand-alone primary network without spectrum sharing from SUs, the SNR of received primary data at AP is γ pa given in (3). Denoted as P NS outp , the outage probability of primary data transmission in the none spectrum sharing scenario is P NS outp = Pr γ pa < ξ p , obtained as
where we consider that the power fading G pa is exponentially distributed with unit mean.
Cognitive DF relaying
For the cognitive DF relaying, the outage probability of primary system is denoted as P outp . Let A denote the event that SR correctly decodes the secondary data from SS in an even block. When the event A occurs, SR will forward the secondary data to SD in the next odd block.
With the interference from SS and SR, the average outage probability of primary system is given as
whereĀ denotes the complement event of A. The first term represents the outage probability of primary data decoding in even blocks with interference from SS. The second and third terms represent the outage probabilities of primary data decoding in odd blocks when SR forwards the secondary data or keeps silent in case A orĀ occurs. The prefactor 1/2 is used, as we consider the primary data transmission in both the even and odd blocks. Next, we will analyze the three terms of (11) by considering whether the DIR or the SIC decoding is performed by SR.
First term of (11)
By substituting the expression of γ psa , we can derive
where we consider that G pa and G sa are independently and exponentially distributed with unit mean. With the increase of p s , SS causes more interference to AP in even blocks, so the outage probability Pr γ psa < ξ p gets larger.
Second term of (11) with SR-DIR
If SR performs the DIR decoding, we can express the second term of (11) as Pr A, γ pra < ξ p = Pr γ spr ≥ ξ s , γ pra < ξ p , derived as
where we consider that G sr , G pr , G pa , and G ra are all independently and exponentially distributed with unit mean. With the increase of p s , SR could decode the secondary data more easily and then transmits in odd blocks, which causes more interference to AP and leads to a larger outage probability of Pr A, γ pra < ξ p .
Second term of (11) with SR-SIC
If SR performs the SIC decoding, by considering the cases of SR correctly decoding the secondary data, we can express the second term of (11) as
where the first probability considers that SR correctly decodes the secondary data directly; the second probability considers that SR fails in decoding the secondary data directly, but it correctly decodes the secondary data after successfully decoding and canceling the primary data. The first probability of (14) has been derived in (13) and the second probability can be derived as
where 1(C) is an indicator random variable, which equals one if the condition C is satisfied; otherwise, it equals zero, and
The derivation details of (15) are given in Appendix 1. Substituting (13) and (15) into (14), we can obtain the second probability of (11) when SR performs the SIC decoding.
Third term of (11) with SR-DIR
If SR performs the DIR decoding, we can express the third term of (11) as Pr Ā , γ pa < ξ p = Pr γ spr < ξ s , γ pa < ξ p , derived as
With the increase of p s ,Ā occurs less likely, so SR will cause less interference to AP in odd blocks, resulting in the lower outage probability of Pr Ā , γ pa < ξ p .
Third term of (11) with SR-SIC
If SR performs the SIC decoding, by considering the cases of SR erroneously decoding the secondary data, we can express the third term of (11) as
where the first probability considers that both the direct decoding of secondary data and the cancelation of primary data are not successful at SR; the second probability considers that SR fails in decoding the secondary data directly, even after successfully canceling the primary data. The first term of (18) is derived as
where
The derivation details of (19) are given in Appendix 2.
The second term of (18) can be derived as
Substituting (19) and (21) into (18), we can obtain the third probability of (11) when SR performs the SIC decoding.
Outage probability of secondary system
SR-DIR-SD-DIR decoding
In the SR-DIR-SD-DIR scheme, both SR and SD decode secondary data directly by treating the received primary data as interference. For this scheme, the outage probability of secondary system is given as P outs = P SR−DIR outs
where P SR−DIR outs and P
SD−DIR outs
represent the outage probability of DIR decoding of secondary data at SR and SD, respectively. The first term represents the probability of SR erroneously decoding the secondary data directly. The second term represents the probability that SR correctly decodes the secondary data but SD erroneously decodes the secondary data forwarded by SR. Since the channel SS→SR is independent with the channel SR→SD, we can write the second term as the multiplication of two probabilities.
The outage probability of SR directly decoding secondary data can be expressed as P
SR−DIR outs
= Pr γ spr < ξ s , derived as
where we consider that G sr and G pr are independently and exponentially distributed with unit mean. If SR correctly decodes the secondary data from SS in the even block, it will forward the secondary data to SD in the next odd block. The probability of SD erroneously decoding the secondary data directly is P SD−DIR outs = Pr γ rpd < ξ s , i.e., P SD−DIR outs
where we consider that G rd and G pd are independently and exponentially distributed with unit mean.
SR-DIR-SD-SIC decoding
In the SR-DIR-SD-SIC scheme, SR and SD perform DIR and SIC decoding, respectively. If SD fails in decoding the secondary data directly, it will try to decode and cancel the primary data for the further decoding of secondary data. For this scheme, the outage probability of secondary system is given as
where P
SD−SIC outs
represents the outage probability of SIC decoding at SD.
The outage probability of direct decoding at SR that is P SR−DIR outs has been derived in (23) . The outage probability of SIC decoding at SD can be expressed as
, (26) where the first probability represents that both the direct decoding of secondary data and the cancelation of primary data are not successful at SD; the second probability represents that SD fails in decoding the secondary data, even after successfully canceling the primary data.
By substituting the related items into (26), we can derive the first probability as
• If ξ p ξ s ≤ 1, we have
The second probability of (26) can be expressed as P
SD−SIC outs2
= Pr γ prd ≥ ξ p , γ rd < ξ s and derived as
Substituting (27), (28), and (29) into (26), we can obtain the outage probability of SD performing the SIC decoding of secondary data.
SR-SIC-SD-DIR decoding
In the SR-SIC-SD-DIR scheme, SR and SD perform SIC and DIR decoding, respectively. If SR fails in decoding the secondary data directly, it will try to decode and cancel the primary data to further decode the secondary data. For this scheme, the outage probability of secondary system is given as P outs = P SR−SIC outs
SR−SIC outs
represents the outage probability of SIC decoding at SR. The probability P SR−SIC outs can be derived similarly as (26) by replacing p r , d pd , and d rd with p s , d pr , and d sr , respectively. The outage probability of DIR decoding at SD that is P SD−DIR outs has been derived in (24).
SR-SIC-SD-SIC decoding
In the SR-SIC-SD-SIC scheme, both SR and SD perform the SIC decoding. If SR or SD fails in decoding the secondary data directly, they will try to decode and cancel the primary data to further decode the secondary data. In this scheme, the outage probability of secondary system is given as P outs = P SR−SIC outs
The outage probability P 
Power settings for SS and SR
Compared with the stand-alone primary network without spectrum sharing, the outage probability of primary system in the cognitive relaying can be degraded no more than percentage. The optimization problem can be formulated as
For the secondary system, P outs can be (22), (25), (30) , or (31) for the DIR or the SIC decoding at SR and SD. For the primary system, P outp is obtained in (11) by considering the DIR or the SIC decoding at SR. The transmit powers of SS and SR can not exceed p m due to the hardware or regulation constraint. Since the maximal value of P outp is smaller than 1, we have to constrain
outp is derived in (10).
Impacts and region of p s
If we set p r = 0, only SS transmits secondary data in even blocks, and there is no secondary data transmission in odd blocks. For a given value of p s , we can derive a lower bound of the outage probability of primary system, i.e.,
where the first probability is obtained in (12) and the secondary probability is P NS outp given in (10) . SinceP outp is a monotonically increasing function of p s , we can determine an allowable region of p s as follows:
To make the equation meaningful, we set (1 + 2 )P NS outp ≤ 1 that is ≤ 
• Case II: Let p s = p m , ifP outp < (1 + )P NS outp , the critical power is set as p † s = p m .
Thus, the transmit power of SS should be constrained in the region of p s ∈ 0, p † s .
Impacts and region of p r
As can be seen from (11), no matter whether SR performs the DIR or the SIC decoding, P outp always increases monotonically with p r . Given p s , we should determine a critical power of SR, denoted as p † r (p s ). This critical value means that if the transmit power of SR is smaller than p † r (p s ), the outage performance constraint of primary system can be guaranteed; otherwise, it is violated.
• Case I: Let p r = p m , if P outp ≥ (1 + )P NS outp , then do the following calculation: Let p r = 0, if
Considering whether SR performs the DIR or the SIC decoding, the critical power p † r (p s ) in case I can be determined as follows.
SR-DIR decoding
If SR performs the DIR decoding, the critical power is obtained as
with P NS outp , Pr γ psa < ξ p , and Pr Ā , γ pa < ξ p given in (10), (12) , and (17), respectively.
SR-SIC decoding
If SR performs the SIC decoding, the critical power is obtained as
with f tem1 given in (16) and Pr Ā , γ pa < ξ p given in (18).
Transmit powers of SS and SR
The transmit power of SS can be numerically searched in the region of p s ∈ 0, p † s .
• For both the SR-DIR-SD-DIR and the SR-SIC-SD-DIR schemes, the outage probability of secondary system is a monotonically decreasing function of p r ; thus, for each given p s , the optimal transmit power of SR is p † r (p s ). If there is no valid p † r (p s ), the given p s is not valid.
• For both the SR-DIR-SD-SIC and the SR-SIC-SD-SIC schemes, the outage probability of secondary system may not monotonically decrease with p r . For a given p s , the optimal power of SR is numerically searched in 0, p † r (p s ) . As shown in Fig. 8 , the outage probability of secondary system gets smaller with the increase of p r . We use the critical power p † r (p s ) as the value of p r to guarantee the outage performance constraint of primary system. Thus, we can numerically determine the powers p s and p r using the above steps.
Results and discussion
In our simulations, the SS-SD line is placed parallel with the PU-AP line as shown in Fig. 3 , and the vertical distance between them is set as d int . The horizontal distance between SS and PU is characterized by ρ. The distance between SS and SD is set as d sd . The horizontal distance between SR and SS is characterized by β ∈ (0, 1). The vertical distance between SR and SS is characterized by θ. The distance between SS and AP is
The distance between SR and
The distance between PU and SR is d pr =
The distance between SS and SR is d sr = (βd sd ) 2 + (θd int ) 2 . The distance between SR and SD is d rd = (1 − β) 2 d 2 sd + (θd int ) 2 . Similar to the simulation setup of [3, 10, 19] , unless specified otherwise, we set the system parameters as α = 3,
Outage probabilities of both systems
In this subsection, the transmit powers of ST and SR, i.e., p s and p r , are not obtained through the optimization problem (32), but they are given as fixed values. We perform simulations to reveal the impacts of various parameters to the outage performance of both the primary and secondary systems. Figure 4 shows the outage probability of primary system versus p s . With the increase of p s , SS and SR cause more interference to AP, so the outage probability of primary system gets larger. It is more likely for SR to correctly decode the secondary data using the SIC scheme compared with the DIR scheme; thus, SR will more possibly forward the secondary data to SD in odd blocks. Consequently, more interference will be caused to AP, so the SR-SIC scheme makes the outage probability of primary system larger than the SR-DIR scheme. When p s is small enough, SR can hardly decode the secondary data and the interference caused to AP is very weak; thus, the outage probability is close to that of the none sharing scheme no 4 Outage probability of primary system vs the transmit power of SS matter whether SR performs DIR or SIC decoding. When p s is large enough, the outage probability of primary system is almost the same with SR-SIC and SR-DIR, because it is very difficult for SR to cancel the interference and the secondary data is directly decoded by SR in most of the time. With the increase of the transmission rate of primary data, the outage probability gets larger. Figure 5 shows the outage probability of primary system versus p r . With the increase of p r , SR causes more interference to AP, so the outage probability of primary system gets larger. Since SR can decode the secondary data more successfully using the SIC scheme, more interference is caused to AP due to the data forwarding of SR in odd blocks, so the outage probability of primary system is larger for the SR-SIC scheme compared with the SR-DIR scheme. SS always causes interference to AP in Fig. 5 Outage probability of primary system vs the transmit power of SR even blocks, so the outage probability of primary system is always larger than the none sharing scenario. With higher power used by PU for the primary data transmission, the outage probability of primary system gets smaller. Figure 6 shows the outage probability of primary system versus R p . With the increase of R p , it becomes more difficult for AP to correctly decode the primary data, so the outage probability gets larger. When R p is large enough, it becomes very difficult for SR to successfully cancel the primary data, and the SR-SIC scheme causes similar outage performance to the primary system as the SR-DIR scheme. With the increase of p p , the outage probability gets smaller as stronger primary signal can be received by AP to suppress the interferences from SS and SR. Figure 7 shows the outage probability of secondary system vs p s . With the increase of p s , it becomes more likely for SR to correctly decode the secondary data and forwards the data to SD. As a result, the outage probability of secondary system gets smaller. Given the decoding method of SD, the SR-SIC scheme can achieve a smaller outage probability then the SR-DIR scheme. But, when p s is large enough, the SR-SIC scheme has almost the same performance as the SR-DIR scheme, because it becomes very difficult to cancel the primary data at SR; thus, the secondary data is more likely decoded by SR directly. Given the decoding method of SR, the SD-SIC scheme can achieve a much smaller outage probability than the SD-DIR scheme. Figure 8 shows the outage probability of secondary system vs p r . With the increase of p r , the outage probability gets smaller. Given the decoding method of SR, the SD-SIC decoding achieves a smaller outage probability than the SD-DIR scheme. But, when p r is large enough, the SD-SIC scheme achieves almost the same outage probability as the SD-DIR scheme. Given the decoding method of SD, Fig. 6 Outage probability of primary system vs the transmission rate R p Fig. 7 Outage probability of secondary system vs the transmit power of SS the SR-SIC scheme achieves a much smaller outage probability than the SR-DIR scheme, because SR can decode the secondary data from SS more successfully, so it will more possibly forward the secondary data to SD in odd blocks. Figure 9 shows the outage probability of secondary system vs R s . With the increase of R s , it becomes more difficult for both SR and SD to correctly decode the secondary data, so the outage probability of secondary system gets larger. The outage probability of the SR-DIR-SD-SIC scheme is larger than the SR-SIC-SD-DIR scheme, because SR can achieve more opportunities to forward the secondary data in the latter scheme.
Minimum outage probability of secondary system
In this and the next subsections, we numerically determine the optimal transmit powers of SS and SR using the Outage probability of secondary system vs the transmission rate R s method of Section 6. The minimum outage probability of secondary system is obtained while guaranteeing the performance constraint of primary system. In obtaining the following numerical results, we set ρ = 3 and R s = 0.3 bits/s/Hz. Figure 10 shows the minimum outage probability of secondary system vs . With the increase of , more outage performance loss can be tolerated by primary system compared with the none sharing scenario; thus, higher transmit powers can be used by SS and SR for the secondary data transmission. As a result, the minimum outage probability of secondary system gets smaller. The SR-DIR-SD-DIR scheme performs the worst, and the SR-SIC-SD-SIC scheme performs the best, while the SR-SIC-SD-DIR scheme and the SR-DIR-SD-SIC scheme have the performance in the middle. Figure 11 shows the minimum outage probability of secondary system vs d int . With the increase of d int , the distance between the two systems gets longer, so the mutual interference gets weaker. In this sense, more power can be used by SS and SR for the secondary data transmission. As a result, the minimum outage probability of secondary system gets smaller. We can see that using the SIC scheme at both SR and SD can greatly improve the outage performance of secondary system compared with the DIR decoding. Figure 12 shows the minimum outage probability of secondary system vs ρ. With ρ increasing from -5 to 5, the secondary system moves from left to right. Equivalently, SS and SR move closer to PU and then farther. As a result, the transmit powers of SS and SR get smaller first and then larger to satisfy the outage performance constraint of primary system. Therefore, the minimum outage probability of secondary system gets larger first and then smaller. It is better to place SS and SR farther away from the primary system. Figure 13 shows the minimum outage probability of secondary system vs β. With the increase of β from 0 to 1, d sr gets larger and d rd gets smaller, which means SR departs farther away from SS, but closer to SD. With the increase of β from 0 to 1, d pr gets larger and d ra gets smaller, which means SR departs farther away from PU, but closer to AP. Thus, SR will receive weaker signal from SS and weaker interference from PU. Under the performance constraint of primary system, the transmit power of SR gets smaller. If the degradation of desired signal is less than the interference, considering the stronger transmit power of SR, the minimum outage probability of secondary system gets smaller. Otherwise, if the desired signal is very weak and the transmit power of SR is very small, the outage performance of secondary system deteriorates. In general, Fig. 11 Minimum outage probability of secondary system vs the distance factor d int Fig. 12 Minimum outage probability of secondary system vs the distance factor ρ the minimum outage probability of secondary system gets smaller first and then larger. Figure 14 shows the minimum outage probability of secondary system vs θ. With the increase of θ from -0.5 to 1, d pr and d ra become smaller, so SR moves closer to the primary system; consequently, the transmit power of SR gets smaller to avoid violating the performance constraint of primary system. Meanwhile, d sr and d rd get smaller first and then larger, so SR moves closer to SS and SD first and then farther away; consequently, the performance of secondary data relaying becomes better first and then worse. Therefore, the minimum outage probability of secondary system gets smaller first and then larger. Figures 15 and 16 show the minimum outage probability of secondary system vs R s and R p , respectively. With the increase of R s , the minimum outage probability of secondary system gets larger, as it becomes more difficult to correctly decode the secondary at SR and SD. With the increase of R p , the minimum outage probability of secondary system varies in different trends for the four decoding schemes. In general, with the increase of R p , the primary data transmission fails more likely. In this sense, the performance of primary system gets worse. Then, more interference can be tolerated given the performance loss ratio . So, higher power can be allowable for SS and SR for the secondary data transmission. As a result, the outage probability of the SR-DIR-SD-DIR scheme decreases continuously. However, the minimum outage probability of secondary system gets larger first and then smaller if either SR or SD or both of them perform the SIC decoding. With the increase of R p , it 16 Minimum outage probability of secondary system vs the transmission rate R p becomes more difficult for SR and SD to successfully cancel the primary data. The higher powers of SS and SR, and the more likely failure of SIC decoding together lead to the variation trends of the SIC-based schemes.
Throughput improvement
In this subsection, we will calculate the total network throughput and compute the throughput improvement ratio compared with the none sharing scenario. Since both primary data and secondary data are transmitted with fixed rates, the throughputs of primary system and secondary system are given as T p = (1 − P outp )R p and T s = (1 − P outs )R s , respectively. For the stand-alone primary network without spectrum sharing, the throughput is T NS p = 1 − P NS outp R p . The throughput improvement ratio of the spectrum sharing is calculated as
Figures 17 and 18 show the throughput improvement ratio of the whole network vs and ρ, respectively. We can see from Fig. 17 that with the increase of , the throughput improvement ratio gets larger. The maximal improvement approaches 30% for the SR-SIC-SD-SIC scheme. We can see from Fig. 18 that with the increase of ρ, the throughput improvement ratio gets smaller and then larger. The maximal improvement of 30% is also achievable. The SR-SIC-SD-SIC scheme achieves more than 14% improvement compared with the SR-DIR-SD-DIR scheme when ρ = 0.
Discussion
From Figs. 4, 5, 6, 7, 8 , and 9, we can see that the numerical results agree well with the simulation results, which can validate our theoretical analysis. With the increase of R p , the outage probability of secondary system gets larger, because it becomes more difficult to perform the SIC decoding at both SR and SD. In general, the SR-SIC-SD-SIC scheme performs the best and the SR-DIR-SD-DIR performs the worst, while the performances of SR-SIC-SD-DIR and SR-DIR-SD-SIC lie in-between.
From Figs. 10, 11, 12, 13, 14, 15, and 16, we can see that the cognitive relaying with SIC decoding significantly outperforms its counterpart with DIR decoding in terms of outage probability. When SR and SD move close to PU, stronger interference will be encountered, so the cognitive relaying with DIR decoding performs worse. But, the cognitive relaying with SIC decoding achieves better performance, as the strong interference can be properly canceled. Furthermore, the SIC decoding can be more successfully performed when the transmission rate of primary data is low. Fig. 18 Throughput improvement ratio vs the distance factor ρ Figures 17 and 18 tell us that the total throughput of the whole cognitive radio network can be greatly increased compared with the none spectrum sharing scenario; thus, our proposed SIC-based scheme can effectively improve the spectral efficiency.
Conclusions
In this work, we have studied the cognitive DF relaying scheme with SS or SR capable of performing the SIC decoding. Considering SR and SD using either the DIR or the SIC decoding method, we proposed four cognitive relaying schemes. Through minimizing the outage probability of secondary system subject to the performance constraint of primary system, the transmit powers of SS and SR are determined. Numerical results show that the outage performance of secondary system can be significantly improved by using the SIC technique, especially when the secondary system is close to the primary system or the transmission rate of primary data is low. Our scheme is applicable for the general cognitive relaying network no matter whether SUs are close to or far away from PUs.
